We performed a comprehensive analysis of Ty1-copia-like retrotransposons in about 10% of the Oryza sativa genome and identi ed 100 elements. These were divided into nine classes by their reverse transcriptase similarity and into 39 families according to the sequences of their long terminal repeats (LTRs). The deduced total number of copia-like elements in rice is 1000, comprising 1.7% of the genome. Solo LTRs and truncated elements comprise an additional 2.3% of the genome. This is low compared with other plants, especially grasses, but comparable to Arabidopsis. However, the total number of families in the genome, at least 50, is similar to that in other plants. At least some of these classes are present in the genomes of other grasses, and related elements can be found in dicotyledonous plants. The transcriptional activity of each family was estimated by searching for homologous expressed sequence tags in databases. No correlation was found between the number of homologous expressed sequence tags and family size. In comparison with the copia retrotransposons, 222 gypsy-like and 66 LINE-like retroelements, as well as ve pararetrovirus-like elements, were found, corresponding to about 2220, 660, and 50, respectively, in the genome. A low rate of retrotransposon transcription and a high rate of loss of integrated copies by ectopic, intrachromosomal recombination are proposed as the reasons for the paucity of retrotransposons in the rice genome.
INTRODUCTION
Retrotransposons are mobile genetic elements that transpose through reverse transcription of an intermediate RNA. 1 Retrotransposons can be divided into two main classes based on the presence or absence of long terminal direct repeats (LTRs). The LTR retrotransposons are bounded by an LTR at each end and contain an internal region coding for GAG (capsid protein), proteinase, integrase, reverse transcriptase (RT), and RNase H. Retrotransposons are structurally and functionally similar to retroviruses; both groups replicate by reverse transcription of an intermediate RNA. However, LTR retrotransposons are not Author to whom correspondence should be addressed.
infective, because of their lack of an env domain encoding an envelope glycoprotein. The LTR retrotransposons, in turn, can be divided into two main groups, the copiaand the gypsy-like elements. These differ in the order of their coding domains. Although both contain a relatively conserved rt domain, sequence comparisons indicate that each group is monophyletic and transcends organismal groupings. 2 The gypsy-like elements are more retroviral in their sequence as well as their coding domain organization. Non-LTR retrotransposons include LINE and SINE elements. 3 The LTR retrotransposons are universal and abundant components of eukaryotic genomes in general, and of plant genomes in particular. 4 Retrotransposons are present in high numbers of copies in plants, especially in those with GENOME LETTERS 2002, 1, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] large genomes, where they show considerable sequence heterogeneity. [5] [6] [7] [8] The processes of transcription and reverse transcription are error prone and lead to this heterogeneity. Furthermore, many retrotransposons within the genome are either integrated in a transcriptionally or translationally incompetent state or become fossils because of accumulation of mutations following integration. Nevertheless, the activity of retrotransposons in somatic tissues has been demonstrated, 9 and a basal level of expression appears to exist for many elements. 10 Of those retrotransposons quiescent in somatic tissues, many can be activated by stress, 11112 protoplast formation, 13 or tissue culture. 14115 Indeed, environmental gradients involving stress have been correlated with retrotransposon-based genome differentiation in wild barley. 16 Translation and formation of viruslike particles have also been directly demonstrated for plant retrotransposons. 17 Unlike DNA transposons, when retrotransposons transpose, the original copy does not excise as part of the process. Retrotransposons can thereby greatly increase their copy numbers and, consequently, their genome size. 18 Whereas retrotransposons account for 50-80% of the large maize genome (Zea mays L, 1C D 206 10 9 bp), 19 the small Arabidopsis thaliana L. genome 41C D 103 10 8 5 contains about 5.5% retrotransposons in the nished sequence (T. Bureau, personal communication). The control or inefciency of retrotransposition, however, is not the only possible explanation for the paucity of retrotransposons in small genomes. Mechanisms such as recombination between LTRs can eliminate retrotransposon sequences from the genome, generating solo LTRs and other types of deletion products. 201 21 Cultivated rice (Oryza sativa L.) has one of the smallest genomes 41C D 403 10 8 bp) 22 in the genus Oryza, which is composed of more than 20 species that vary 3.5-fold in nuclear DNA content, from 3043 10 8 to 12001 10 8 bp among the diploids. 19 Three times that of A. thaliana, the rice genome is also among the smallest of the grasses as a whole, which range from 200 10 8 bp in Oropetium thomaeum to 103 10 10 bp in Lygeum spartum. 19 In most grasses, genes comprise less than 20% of the genome, 23 the rest being composed mainly of repetitive DNA. Gene number is thought to be relatively constant within groups of related species, and, consistent with this, most of the 3.6-fold difference in genome size between maize and sorghum was shown to be due to the accumulation of retrotransposons. 24 Such comparisons lead to the expectation that the rice genome should contain less repetitive DNA generally and fewer LTR retrotransposons in particular. Early solution hybridization experiments indicated that only half of the rice genome is composed of repetitive sequences. 25 Based on the screening of genomic libraries with a conserved retrotransposon probe ( i met tRNA primer), Hirochika and co-workers 26 estimated that the rice genome contains about 1000 retrotransposons in total, divided into 32 families. By hybridizing a rice BAC library with rt probes representative of different rt families, Wang and co-workers, 27 however, estimated that the genome contains only about 100 copia-like elements. A detailed survey of 910 kb of rice genome (0.2%) revealed two copia-like and 10 gypsy-like retrotransposons, 28 giving a total estimation of 1000 copia and 5000 gypsy elements in the genome, representing 2.6% and 7.3% of the total genome, respectively. They also detected ve non-LTR retrotransposons, giving a total estimate of 2500 elements in the genome.
These estimates span a 100-fold range, leaving the issue of retrotransposon copy number in rice unresolved. Furthermore, although various retrotransposon families have been reported for rice, 261 29-34 the total number of families present in the genome remains unclear. The current availability of an appreciable part of the sequence of the rice genome provides an excellent and timely opportunity to analyze the evolutionary dynamics of rice retrotransposons. In this study, we examine the sequence abundance and diversity of the rice copia-like, LTR-containing retrotransposons.
EXPERIMENTAL METHODS

Isolation of Rice Retrotransposon Sequences
We used a collection of amino acid sequences corresponding to reverse transcriptases of copia-like elements. 51 61 81 35-37 These sequences were used in TBLASTN searches, 38 where translated nucleotide databases are queried by a polypeptide string, through the on-line facilities of the National Center for Biotechnology Information (NCBI) (http://www.ncbi. nlm.nhm.gov/). The plant division of the Genbank database (Release 125.0, 15.08.2001), speci cally all O. sativa PAC, YAC, and BAC accessions, which are the annotated long contiguous chromosomal regions, was queried. New reverse transcriptase (RT) sequences were extracted from the database with this approach. These sequences were again used as queries in additional database searches, carrying the process forward iteratively until no new RTs were obtained. The limits of the RT domain were de ned according to the method of Xiong and Eickbush, 2 but only the central, most conserved "core" of this domain was used in multiple alignments, as has been used in previous analyses based on polymerase chain reaction (PCR) ampli cation. 51 6 We did not exclude rt sequences with frameshifts and stop codons from our analyses. LTR sequence searches were conducted on-line with the BLAST2 program (http://www.ncbi.nlm.nih.gov/ gorf/bl2.html).
For gypsy-like retroelements, the same method was followed as for the copia-like ones, with RIRE2 (accession AB030283.1, nt 3650-4180) used as the initial query sequence to seed the iterative search procedure. For LINElike retrotransposons, the searches were seeded with the GENOME LETTERS 2002, 1, [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] Vicient and Schulman/Copia-Like Retrotransposons in Rice RT-encoding domains of Li2 (Y13371) and Li4 (Y13370) elements, isolated from rice. 39 Integrated pararetroviruses were discovered as a by-product of the search for gypsy-like sequences and were distinguished from them by sequence comparisons.
Sequence Comparisons and Phylogenetic Trees
CLUSTALW of the EMBL European Bioinformatics Institute web page (http://www.ebi.ac.uk/clustalw/) 40 was used to generate multiple sequence alignments of the predicted RT polypeptides, which were edited manually to correct errors. The TREECON 1.3b program 41 was used to generate phylogenetic trees of the predicted polypeptides based on the neighbor-joining method. 42 Branch reliability in the phylogenetic predictions was tested by bootstrap analysis, based on 1000 repetitions. Homology searches of expressed sequence tags (ESTs) were made as described before. 
RESULTS
Identi cation and Frequency of Copia-Like
Retrotransposons in the Rice Genome
The diversity of the copia-like retrotransposons in the genome of O. sativa was examined by a systematic search of all rice sequences available in Genbank, representing about 10% of the rice genome. The RT domains were used for query sequences. Because the core domain of RT is highly conserved and sequences of diverse origin have been aligned for phylogenetic analyses, the primary structure is a reliable tool for identifying retrotransposons. The predicted RTs identi ed in Genbank accessions were iteratively applied in further queries until no new copia-like coding regions were found. A total of 182 nonredundant, complete rt regions were identi ed. Of these, 81 corresponded to PCR products, one was a cDNA, and 100 were genomic sequences.
Assuming that the 10% of the genome surveyed is representative of the whole, the total number of copia-like retrotransposons in rice would be about 1000, comprising about 1.7% of the total genome. This is likely to be an underestimation of the total number of copia-like retroelements, however, because our count includes only elements with complete rt domains. In some species such as barley, solo LTRs can contribute as much DNA to the genome as the intact elements themselves. 20 In an attempt to estimate how many of these "RT-defective" elements are present in the genome, we searched databases with the BLAST program and the sequences of each rice retrotransposon as queries. By this method, the 1210 copia-like solo LTRs and 380 truncated retroelements represent about 0.6% of the genome, bringing the copia-like elements to 2.3% of the nuclear DNA. This is very much more than some previous estimates 261 27 but more similar to other, sequencebased estimates. 28 In our view and that of others, 28 the earlier underestimations were due to the use of nucleic acid hybridizations that probably did not detect some of the families present in the genome. Discrepancies in computerbased estimations could be explained by differences in the source and quantity of DNA sequences used.
Families and Phylogeny of Copia-Like
We analyzed the phylogenetic relationships between the 100 rice genomic rt domains by constructing a neighborjoining tree, displayed in Figure 1 , on the predicted polypeptides, using the deduced amino acid sequences. Sequences sharing more than 20% amino acid similarity were grouped into classes. The sequences grouped into nine major classes, each containing from one to 31 elements. Elements in the same class in general also share similar (ƒ)-strand (PBS) and (C)-strand (polypurine tract, PPT) primer binding sites. The elements in most of these classes could be subdivided into different families. We used LTR sequence similarity as the criterion to de ne the families for several reasons. The LTR is the most rapidly evolving region of retrotransposons 431 44 and therefore gives good phylogenetic resolution. The LTR critically not only determines transcription patterns, which can differ between retrotransposon families, 11 but also provides the recognition sites for integration. By our criterion, two elements belong to the same family if their LTR sequences share more than 90% of DNA sequence homology in at least 100 bp.
We examined the anking sequences of each of the rt domains to identify potential LTRs. The LTRs were delimited by the presence of sequences similar to the conserved PBS, expected to be next to the 5 0 LTR; by the PPT, expected to be adjacent to the 3 0 LTR 1 ; and by the direct repeat outside of the LTRs in the host DNA, which are generated by integration. In some cases either it was not possible to identify some of these features or one of the LTRs was truncated, missing, or outside the insert of the clone. Despite these limitations, LTRs were identi ed for most of the coding domains by comparisons with other members of the same family or related sequences.
We also studied the RIRE1 element in a bit more detail. RIRE1 is a copia-like retrotransposon present in high copy number in wild rice Oryza australiensis [31] . For the RIRE1 element (family 6C), we found three elements containing RT and LTRs, 25 solo LTRs, and one element with LTRs but a deletion in the RT domain. That gave us a total of 33 LTRs and four internal regions, and an estimation of 330 RIRE1 LTRs in the genome, not very different from the previous estimation of 180 RIRE1 LTRs. 29 In all of the cases in which two elements had the same type of LTR, they were located in the same branch of the 
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Vicient and Schulman/Copia-Like Retrotransposons in Rice 46 A new RT sequence alignment was prepared, including a representative of each of the 39 families as well as the other rice rt sequences that are available in Genbank. We also included, in this alignment, some RT sequences from known elements of species other than O. sativa. The alignment was used to produce a phylogenetic tree, shown in Figure 2 . Many of the families discovered by our analysis of the O. sativa sequence are novel, having no representatives in Genbank. Of these, families 9A and 9B are fully distinct from all other RT clades. Only one deeply branching clade in the tree shown in Figure 2 , the one including Tst1 (potato), PDR1 (pea), and Tos10 (rice), has both a rice member and no family member from our analysis. In total, ve to 10 additional families are present among the cloned PCR fragments in the database but not in the genomic sequences we have scanned. This suggests that the total number of families in rice genome is probably more than 50.
Conversely, all of the previously characterized Oryza retrotransposons could be assigned to one of the families we found: RIRE1 belongs to family 6C, Tos17 to 3A, and Retro t probably to a new family in class 2. These results were veri ed by comparisons at the DNA level. Some of the PCR fragments can also be assigned to some of the families, or at least to classes. For example, Tos6 can be placed in 6A, Tos15 in 7A, and Tos14 in 7B or 7C. Some of the RT classes are not represented by the cloned PCR fragments in the database (classes 1, 5, and 9). This could re ect a sampling problem in the PCR methods used to produce the rt sequences, but the classes not represented in the database are not necessarily the least abundant. That suggests that the PCR protocols used for copia-like rts cannot amplify certain classes of rt, producing an underestimation of the sequence variability of copia-like elements.
Regarding retrotransposons from other plants, similarities with rice sequences were not high but were nevertheless suf cient to associate the elements with one or more rice classes. Opie2 (maize), Endovir1 (Arabidopsis thaliana), and SIRE-1 (soybean) are related to class 1. SIRE-1 and Endovir1 are retrovirus-like retrotransposons, meaning that they contain a region upstream of the pol gene that is similar to an env gene. The presence of an envelope domain expands the internal domain, and, interestingly, it is class 1 elements in rice that are the ones with longer internal domains. Hopscotch (maize) is associated with class 2, Stonor (maize) with class 6, and BARE-1 (barley) with 6C. Finally, the retrotransposons Tto1 (tobacco), Tnt1 (tobacco), and Ta1 (A. thaliana) are related to class 8.
Expression of Copia-Like
Retrotransposons in Rice
To search globally for expression of the retroelement families identi ed by their rt sequences, all of the elements GENOME LETTERS 2002, 1, 35-47 Z h e n s h a n 9 7 A 1 R r t 11 45 Rrt, 46 Tos, 30 RICTOSRT1 (accession D12825), RICCOPIA (M94492), OSCOPIA (M94492), TOSRT4 (D12826.1), Hua1A-2 (AF349737), Hs3-2 (AF349740), Hs3-3 (AF349741), Nongken58s-1 (AF349742), Nongken58s-2 (AF349743), Nongken58s-3 (AF349744), Yahua1-1 (AF349745), Yahua1-3 (AF349747), Zhenshan97A-1 (AF349748), Zhenshan97A-3 (AF349750), and Zhenshan97A-2 (AF349749). The characterized retrotransposons are Tst1 (X52287), PDR1 (AJ243356), Opie2 (U68408), Endovir1 (AY016208), SIRE-1 (AF053008), Evelknievel (AF039376), Hopscotch (U12626), Retro t (U72726), Tos17 (D88394), Tpv2 (AJ005762), Stonor (AF082133), RIRE1 (D85598), BARE-1 (Z17327), Osr1 (AB046118), Tto1 (D12827), Ta1 (X13291), and Tnt1 (X13777).
GENOME LETTERS
2002, 1, 35-47 Vicient and Schulman/Copia-Like Retrotransposons in Rice Table 2. Rice copia-Like retrotransposon families and their matching grass ESTs. ESTs Oryza a
Class
Family
a V, vegetative tissues; F, oral tissues; G, grain and related tissues; S, stress-induced tissues; T, tissue culture.
identi ed were used as query sequences against the EST database. The matches were analyzed and are displayed in Table 2 . Only ESTs from grasses were considered. A total of 65 rice ESTs were identi ed with a high probability of match, in addition to 23 from barley, 17 from sorghum, 13 from maize, six from wheat, and two from rye. The number of rice ESTs similar to each of the families was not correlated with their genomic copy numbers. For example, 6B and 6C are the most represented in the EST databases, although we detected only three copies of each, whereas the most abundant in the genomic sequences, family 7D, does not have any rice-related EST. The 2A family, which has only one element in the genomic sequences, has six related ESTs. These results suggest that possible genomic contamination in the EST databases has not been suf cient to make the distribution of elements in them mirror that in the genome. Rather, the EST frequencies are indicative of transcriptional activity of the families of copialike retrotransposons in rice. These results beg the question of why highly prevalent elements, whose abundance ultimately results from expression, should be rare among GENOME LETTERS 2002, 1, 35-47 the ESTs. This discordance may be explained in part by the fact that the tissues used for mRNA isolation were not the ones in which the abundant families were most highly expressed. Conversely, it is well known that rare retrotransposons such as Tos17 can be highly expressed under particular conditions. 30 Only two ESTs similar to Tos17 (family 3A) were found; both are derived from tissue culture cDNA libraries. Furthermore, the nding of ESTs from other grasses matching rice retroelement RT classes or families indicates that some of these are both present and expressed in all grasses and is consistent with earlier, broader analyses. 
Identi cation and Frequency of Other Classes of Retrotransposons in the Rice Genome
Gypsy-like elements are the other major class of LTR retrotransposons, and some perspective on their occurrence in the rice genome is useful for comparison with the copialike elements. Using a method similar to that for copia-like elements, we were able to estimate the number of gypsylike and LINE-like retroelements based on their rt domains.
We found a total of 222 gypsy-like elements, in the fraction of the genome surveyed, indicating about 2220 gypsy-like elements in the genome as a whole. This is twice the number of copia-like ones, compared with previous estimates of a three-to vefold greater abundance. 281 47 Two thousand copies, at an average size of 7.7 kb, comprise about 3.6% of the genome, although this may be an underestimation because we did not consider solo LTRs and truncated elements. The copia-like retrotransposons and their deletion derivatives, together with the gypsy-like elements, amount to more than 4800 copies or about 5.9% of the genome, at an average spacing of one element every 84 kb.
Our search also produced 66 LINE-like (non-LTR) retrotransposons, indicating about 660 LINEs in the genome, and ve integrated pararetroviruses. LINE elements have previously been reported as features of the Oryza genome. 391 48 Pararetroviruses, lacking their own integrase, have been found in the genomes of both banana 49 and tobacco. 50 Our identi cation of a few sequences in the rice genome shows that the presence of pararetrovirus sequences in the genome is not unique to tobacco and banana.
CONCLUSIONS
That genome sequencing projects are qualitatively changing our understanding of the mechanisms of evolution of retrotransposons has been demonstrated for Saccharomyces cerevisiae, 511 52 Caenorhabditis elegans, 531 54 and A. thaliana. 551 56 The increasing genomic sequence information for rice now provides an excellent opportunity to understand the evolution and diversity of transposable elements in grasses. Grasses are interesting subjects because of the wide range in the size of their genomes and the prevalence of their retrotransposons. In this work, we concentrated on the analysis of copia-class elements, which includes Ty1 of yeast.
Our analysis is based on about 10% of the rice genome. A limitation of the data, true also for the " nished" A. thaliana genome, is that centromeres, which tend to be rich in repetitive DNA (in some cases including transposable elements), 331 57-60 are relatively underrepresented in the database. While the nal word on the rice genome awaits complete annotation of the entire genome, including centromeres, the available data may be suf cient to give a good general view of the genome, excluding the centromeres and telomeres.
Our analysis of the data yields three main conclusions. First, although the number of retrotransposons in rice is considerable, it is still very low compared with that in other members of the grass family and in other plants generally. The contribution of retrotransposons to the genome share in rice is similar to that in A. thaliana. Although copy number is relatively low, variability is not, with at least 39 different families grouped into at least nine classes. A high degree of heterogeneity in copia-like retrotransposons appears, from other available data, 51 56 indicate that related classes of copia-like retrotransposons can be found in several plant species, within the genomes of both monocots and dicots. This indicates that copia-like elements already comprised distinct families of elements before the divergence of the monocots and dicots, placing their origin at more than 200 million years ago, and that some of these ancient families have persisted until the present day.
Despite the persistence of diverse families of copialike elements in the rice genome, their copy number is exceptionally low compared with that in other cereals. For example, RIRE1 belongs to the same family (6C) as BARE-1 and Wis2 from barley and wheat. 311 64 This family is highly abundant in both species 201 65 but is represented by only about 30 copies in rice (about 90 if we consider all class 6 elements together). In the wild rice Oryza australiensis, with a genome size double that of rice, the number of RIRE1 copies is in the thousands. 29 The variation in the number of RIRE1 copies alone can explain about one-third of the difference in size between the genomes of O. sativa and O. australiensis. A comparison of a contiguous region of the barley and rice genomes 66 indicates that the larger genome of barley can be attributed at least in part to the integration of retrotransposons into currently retrotransposon-poor regions of the rice genome. The key issue emerging from these comparisons is whether the genome of cultivated rice never expanded through gain of retrotransposon copies, or whether, instead, it expanded but then lost the copies integrated earlier.
Vicient and Schulman/Copia-Like Retrotransposons in Rice
The steady-state copy number of a retrotransposon depends on the balance between the rates of gain through retrotransposition and loss through mutation and through various forms of deletion. Retrotransposition requires transcription, reverse transcription, and, ultimately, integration. In general, retrotransposons in rice seem to be poorly transcribed compared with elements in other grasses and, by the lack of copy number variation between cultivars, 67 fairly quiescent integrationally. Only 0.98‰ (0.98 per thousand) of all of the rice ESTs in the databases matched retrotransposons, compared with the 3.12‰ for barley, 2.49‰ for maize, and 1.26‰ for wheat. 10 All rice retrotransposons examined by Hirochika and co-workers 30 were inactive under normal growth conditions, and only three were activated by tissue culture. One of these, Tos17 (family 3C) is rare, despite its potential activity. 30 Family 6C (RIRE1) is the second most common among the ESTs after 6B, suggesting that it, at least, should be transcriptionally active compared with other families, but the family's genomic prevalence is not commensurately great.
Not only may rice retrotransposons not be particularly actively transcribed; they also may be lost through ectopic or unequal recombination. Intrachromosomal recombination between retrotransposon LTRs can remove the internal domain of an element, producing a solo LTR. Recombination between LTRs not of the same copy can remove, as well, intervening DNA and generate a solo LTR. 41 21 This process appears to be common for retrotransposons in barley 20168 and to play a role in modulating copy number in populations of wild barley, H. spontaneum. 16 The maize genome, however, appears to contain relatively few solo LTRs. 18 We are able to derive some conclusions from our data regarding recombinational loss of retrotransposons in rice. For the RIRE1 element (family 6C), we found three elements containing RT and LTRs, 25 solo LTRs, and one element with LTRs but a deletion in the RT domain. This amounts to a total of 33 LTRs and four internal regions, or 330 RIRE1 LTRs in the genome as a whole, comparable to the previous estimate of 180 RIRE1 LTRs. 29 Hence, the rice genome has an LTR:internal domain ratio for RIRE1 of 8.25:1 instead of the 2:1 expected if there were no solo LTRs. Considering all copia-like retroelements in the genome, our data yield an LTR:internal domain ratio of 3.6:1 and suggest that more copia-like retrotransposons than are currently in the genome may have been lost by recombination. Furthermore, although for the gypsy-like RIRE2 we nd relatively few solo LTRs and a LTR:internal domain ratio of 2.3, the centromere of chromosome 5 in rice contains many repeats similar to solo LTRs of gypsy-like RIRE3, RIRE7, and RIRE8. 59 These calculations and data together indicate that intrachromosomal, ectopic recombination between LTRs is driving much of the loss of retroelements from the rice genome.
If recombinational loss of retrotransposons is a factor shaping the rice genome, it may explain the high degree of heterogeneity we nd among copia-like elements. It is thought that retrotransposon heterogeneity in plants is a consequence of their prevalence. 69 For rice as well as for A. thaliana, 35 the currently high diversity but low copy number therefore may be a remnant of an earlier, larger genome and population of retrotransposons. The long-term evolutionary dynamics of mobile elements remain a matter of debate, 41 70 and the factors controlling gain and loss of retrotransposons need to be clari ed. Detailed analysis of whole genomes, such as that of O. sativa, in comparison with genomic regions of related species, 66 is expected to shed some light on genome dynamics and the processes underlying it.
